Lymphocytes migrate into the parenchyma of secondary lymphoid organs, such as peripheral LNs (PLNs) and Peyer's patches (PPs), through specialized blood vessels called high endothelial venules (HEVs; Butcher and Picker, 1996; von Andrian and Mempel, 2003) . This process is important for the immune system to efficiently recognize antigens accumulated in the secondary lymphoid organs. HEVs have a characteristic cuboidal morphology and a prominent Golgi complex where unique sulfated glycans are synthesized (Girard and Springer, 1995) . Lymphocyte migration is achieved by a series of interactions between lymphocytes and HEVs (Springer, 1994) : (1) lymphocyte rolling mediated by L-selectin on the lymphocytes and sulfated glycans on the HEVs; (2) activation of lymphocytes by chemokines presented on the surface of HEVs by heparan sulfate; (3) firm attachment of lymphocytes mediated by integrins; and (4) transmigration.
Studies of the carbohydrate-based ligands for L-selectin expressed on LN HEVs have identified several sialomucins, including Gly-CAM-1, CD34, podocalyxin-like protein, and Sgp200 (Rosen, 2004) , that are reactive with the MECA-79 antibody (Streeter et al., 1988) , which blocks L-selectin-mediated lymphocyte binding to HEVs. Peripheral node addressin (PNAd) is the general term for MECA-79-reactive antigens. The binding of these sialomucins to L-selectin is dependent on their decoration with a specific carbohydrate structure known as 6-sulfo sialyl Lewis X (Sialic acid2-3Gal1-4[Fuc1-3(sulfo-6)]GlcNAc1-R; Rosen, 2004; Kawashima, 2006) . The 6-sulfo revealed that PPs and NALT are two of the main components of mucosa-associated lymphoid tissue (MALT) and are important inductive sites for mucosal immunity against antigens entering through the mucus by ingestion and inhalation, respectively (Kiyono and Fukuyama, 2004) . It has been revealed that the interaction of 47 integrin on lymphocytes and mucosal addressin cell adhesion molecule 1 (MAdCAM-1) on HEVs is essential for lymphocyte homing to PPs (Nakache et al., 1989; Berlin et al., 1993) . In contrast, adhesion molecules important for lymphocyte homing to NALT in vivo have yet to be identified. Considering that nasal vaccination protocols have achieved effective immune reactions (Imaoka et al., 1998; Kurono et al., 1999; Imai et al., 2005) and that various antigens, including pollen and house dust, that are taken up from the nasal mucosal barrier often cause Th2-mediated allergic rhinitis characterized by antigen-specific IgE production and nasal symptoms, such as sneezing (Gelfand, 2004) , understanding the molecular mechanisms of cellular trafficking to NALT and how to manipulate them is clinically important. It was previously reported that PNAd is expressed in NALT HEVs (Csencsits et al., 1999) , but the significance of its expression for lymphocyte homing in vivo remains elusive.
In the present study, we sought to determine the role of PNAd in lymphocyte homing to NALT and in allergic immune responses against inhaled antigens using sulfotransferase DKO mice. The results of this study demonstrate that expression of PNAd is completely abrogated in the NALT of DKO mice and that lymphocyte homing to NALT is significantly diminished in these mutant mice. We also found that IgE production and nasal symptoms of rhinopathy are suppressed in DKO mice in relation to a reduction in IL-4 and increases in IL-10 and CD4 + CD25 + regulatory T cells (T reg cells). Moreover, we sialyl Lewis X structure is present in either the core 2 or extended core 1 branch (or both) of L-selectin ligand O-glycans. MECA-79 antibody recognizes O-glycans containing 6-sulfo N-acetylglucosamine in the extended core 1 structure (Yeh et al., 2001) . It has been reported that N-glycans modified with the 6-sulfo sialyl Lewis X structure are also important for lymphocyte homing to PLNs (Mitoma et al., 2007) .
To determine the sulfation requirement of L-selectin ligands in vivo, mice deficient in two HEV-expressed sulfotransferases, N-acetylglucosamine-6-O-sulfotransferase (GlcNAc6ST) 1 and GlcNAc6ST-2 (also called HEC-GlcNAc6ST or L-selectin ligand sulfotransferase) were generated (Kawashima et al., 2005; Uchimura et al., 2005) . Immunofluorescence studies revealed that binding of the MECA-79 antibody to LN HEVs of the GlcNAc6ST-1 and GlcNAc6ST-2 double KO (DKO) mice was completely abrogated, indicating that GlcNAc-6-O-sulfation in the extended core 1 branch of O-glycans in HEVs was absent in DKO mice. Accordingly, DKO mice showed a significant reduction in lymphocyte homing to PLNs. Contact hypersensitivity responses were also significantly diminished in DKO mice as the result of a reduction in lymphocyte trafficking to the draining LNs (Kawashima et al., 2005) .
Nasal-associated lymphoid tissue (NALT) is a mucosal lymphoid tissue in rodents that is considered to be equivalent to Waldeyer's ring in humans, including tonsils and adenoids (Hellings et al., 2000) . More recent studies examined human nasal tissue blocks of 150 children who had died in the first 2 yr of life and indicated the presence of a NALT-like structure in humans as a morphologically distinct structure from tonsils and adenoids disseminated in the nasal mucosa, with morphological features typical of secondary lymphoid organs, such as HEVs and lymphoid follicles, sometimes with germinal centers (Debertin et al., 2003) . Studies using rodents have Figure 1 . Expression of the chimeric protein GlcNAc6ST-2-EGFP, MECA-79, and MECA-367 antigens. Frozen sections of NALT, PLNs, and PPs from WT, GlcNAc6ST-2-deficient (GlcNAc6ST-2 KO), and GlcNAc6ST-1 and GlcNAc6ST-2 DKO mice were stained with MECA-79 (A, red) or MECA-367 (B, red) mAb. Green fluorescence is from the GlcNAc6ST-2-EGFP chimeric protein that had been knocked-in to the GlcNAc6ST-2 locus (Hiraoka et al., 2004; Kawashima et al., 2005) . Bars, 30 µm. Data are representative of four independent experiments. transferases are essential for the sulfation of PNAd in NALT HEVs. Strong staining with the antibody MECA-367, which reacts with MAdCAM-1 (Nakache et al., 1989) , was observed in PPs but not in NALT or PLNs (Fig. 1 B) . Thus, although NALT is a MALT similar to PPs, its addressin expression pattern is more similar to that of PLN.
Roles of PNAd in lymphocyte homing to NALT
To assess the role of PNAd expressed in NALT HEVs, we next performed a lymphocyte homing assay (Fig. 2 A) . In DKO mice, lymphocyte homing to NALT and PLNs was diminished by 90% compared with that observed in WT mice, indicating that PNAd plays a critical role in lymphocyte homing to NALT and PLNs. Consistent with that result, the total cell number in NALT was reduced by 50% in DKO mice, similar to what was observed in PLNs (cervical LNs [CLNs] ; Fig. 2 B) .
To determine the specificity of the residual lymphocyte homing to NALT observed in DKO mice, we next examined found that CD4 + CD25 + T reg cells are recruited to NALT in a manner less dependent on the L-selectin-PNAd interaction and partially dependent on P-selectin glycoprotein ligand 1 (PSGL-1) and CD44. Our results suggest that blocking PNAdmediated lymphocyte homing to NALT could serve as a therapeutic target for allergic rhinitis induced by inhaled antigens.
RESULTS

Expression of PNAd, but not MAdCAM-1, in NALT HEVs
An immunofluorescence study using the antibody MECA-79 (Streeter et al., 1988) indicated that PNAd is strongly expressed in the NALT HEVs of C57BL/6 WT mice (Fig. 1 A) . In GlcNAc6ST-2-deficient (KO) mice, staining with MECA-79 was observed only on the abluminal side of NALT HEVs, surrounding green fluorescence derived from EGFPGlcNAc6ST-2 fusion proteins, which accumulate in the Golgi apparatus of HEVs (Hiraoka et al., 2004; Kawashima et al., 2005) . Moreover, no staining with MECA-79 was observed in NALT HEVs in DKO mice, indicating that the two sulfo- CFSE-labeled lymphocytes preincubated with MEL-14 or control rat IgG were injected into the tail vein of each DKO mouse. Each bar represents the mean ± SD. n = 3. *, P < 0.05; **, P < 0.005 versus rat IgG-injected mice. N.S., not significant. Data are representative of two independent experiments. CD4 + CD25 + T cells expressed Foxp3 (Fig. 3 B) , a T reg cellspecific transcription factor (Hori et al., 2003) , indicating that most of the CD4 + CD25 + T cells observed in Fig. 3 A were T reg cells. Notably, CD4 + CD25 + T reg cells expressing a lower level of L-selectin (CD62L) were more enriched in the NALT and spleen in DKO mice (Fig. 3 C) . A short-term homing assay indicated that the homing of CD4 + CD25  conventional T cells (T conv cells) to NALT and PLNs was significantly decreased in DKO mice. Similarly, homing of CD4 + CD25 + T reg cells to PLNs was also significantly decreased in DKO mice. In contrast, homing of CD4 + CD25 + T reg cells to NALT in DKO mice was almost comparable with that observed in WT mice (Fig. 3 D) . Collectively, these results suggest that homing of CD4 + CD25 + T reg cells to NALT is less dependent on an L-selectin-PNAd interaction than that of CD4 + CD25  T conv cells to NALT and those of CD4 + CD25 + T reg and CD4 + CD25  T conv cells to PLNs.
Roles of PSGL-1 and CD44 in the homing of CD4 + CD25 + T reg cells to NALT Consistent with the results in the previous section, the shortterm homing assay indicated that the anti-L-selectin mAb MEL-14 significantly inhibited homing of CD4 + CD25  T conv cells to NALT but only partially inhibited that of CD4 + CD25 + T reg cells (Fig. 4 A) . In contrast, homing of both CD4 + CD25  T conv and CD4 + CD25 + T reg cells to PLNs was significantly inhibited by MEL-14 (Fig. 4 B) .
To identify the homing receptors other than L-selectin that mediate the homing of CD4 + CD25 + T reg cells to NALT, we next examined whether PSGL-1 (Alon et al., 1995; Moore et al., 1995) and CD44 (DeGrendele et al., 1996) , the other carbohydrate-dependent rolling receptors on lymphocytes, might play a role. As shown in Fig. 4 (A and B) , an anti-PSGL-1 blocking mAb 4RA10 (Frenette et al., 2000) and an anti-P-selectin mAb RB40.34 (Bosse and Vestweber, 1994) partially inhibited homing of CD4 + CD25 + T reg cells to NALT but not to PLNs. Consistently, real-time quantitative PCR analysis using FACS-sorted CD4 + CD25  T conv cells and CD4 + CD25 + T reg cells (Fig. 4 C) showed that expression of the mRNA for fucosyltransferase-VII, which is required for a posttranslational modification of PSGL-1 required for its interaction whether L-selectin ligands could still be detected in DKO mice. Immunofluorescence study using an L-selectin-IgM chimeric molecule indicated that L-selectin ligand expression in NALT was significantly lower in the KO mice ( Fig. 2 C) . Only faint staining with L-selectin-IgM was observed in NALT in the DKO mice, suggesting that a very small amount of L-selectin ligand activity remains in the DKO mice. Consistent with this notion, pretreatment of fluorescence-labeled lymphocytes with MEL-14, a mAb that blocks L-selectin function (Gallatin et al., 1983) , significantly inhibited the residual lymphocyte homing to NALT observed in the DKO mice, similar to what was observed in PLNs (Fig. 2 D) . These results indicate that PNAd plays a major role in lymphocyte homing to NALT, although a small amount of L-selectin ligands are expressed in the NALT of DKO mice.
Changes in lymphocyte subpopulations in DKO mice
We next examined lymphocyte subpopulations in NALT by flow cytometry (Table I) . In DKO mice, CD19 + B cells were more significantly diminished than CD3 + T cells in NALT. To examine the possibility that chemokine expression might differ in WT and DKO mice in NALT, we performed immunohistochemical staining using anti-chemokine antibodies against CCL21, which primarily attracts T cells, as shown by the analysis of plt (paucity of LN T cell) mutant mice (Luther et al., 2000; Nakano and Gunn, 2001 ) and CXCL12, which is important for B cell homing (Okada et al., 2002; Fig. S1 ). We did not see a significant difference in chemokine expression between WT and DKO mice. These results suggest that the decrease of B cells in DKO mice was not explained by the difference in chemokine expression but might be explained by the fact that B cells express lower levels of L-selectin compared with T cells and that B cell homing is more susceptible to the reduction of L-selectin ligands in HEVs than that of T cells (Gauguet et al., 2004; Uchimura et al., 2005) .
Another notable difference was that CD4 + CD25  T cells were decreased in DKO mice, whereas CD4 + CD25 + and CD8 + T cells were increased in DKO mice (Table I ). In particular, the ratio of CD4 + CD25 + T cells among total lymphocytes in NALT was approximately four times higher in DKO mice than in WT mice (Table I and Fig. 3 A) . Most of the higher in CD4 + CD25 + T reg cells than in CD4 + CD25  T conv cells. In addition, RT-PCR analysis, using total RNA from HEV cells from NALT purified by immunomagnetic selection using HEV-specific mAb S2 (Hirakawa et al., 2010) , indicated that P-selectin mRNA was expressed in NALT HEVs (Fig. 4 E) .
To determine the role of CD44, we next examined the effects of the anti-CD44 mAb IM7, which blocks CD44-mediated lymphocyte rolling on hyaluronic acid (HA)-coated dishes (DeGrendele et al., 1996) . As shown in Fig. 4 A, IM7 significantly inhibited the homing of CD4 + CD25 + T reg cells to NALT. IM7 also slightly inhibited the homing of CD4 + CD25 + T reg cells to PLNs (Fig. 4 B) . Consistent with these findings, expression of HA, a ligand for CD44 (Aruffo et al., 1990) , was detected in the NALT and PLN HEVs (Fig. 4 F) . In addition, CD4 + CD25 + T reg cells expressed CD44 more abundantly than CD4 + CD25  T conv cells (Fig. 4 G) . Furthermore, treatment of CD4 + CD25 + T reg cells with a mixture of MEL-14, 4RA10, and IM7 more significantly inhibited the homing of these cells to NALT than treatment with the individual mAbs (Fig. 4 A) . In contrast, treatment with the mixture of mAbs failed to show any additive inhibitory effects compared with that with MEL-14 alone regarding the homing of CD4 + CD25  T conv cells to NALT. Collectively, these results indicate that the homing of CD4 + CD25 + T reg cells to the NALT is less dependent on L-selectin but is more dependent on PSGL-1 and CD44 compared with the homing of CD4 + CD25  T conv cells to the NALT.
Roles of PNAd in allergic immune responses after intranasal immunization
As described in the previous section, NALT is a mucosal immune tissue where immune responses against antigens from the nasal mucosal barrier occur. To determine if PNAd is involved in the allergic immune responses in NALT, we next immunized WT and DKO mice intranasally with OVA. Production of OVA-specific serum IgE in DKO mice was about three times lower than that in WT mice (Fig. 5 A) . OVA-specific serum IgG and nasal wash IgA were not significantly different between the two genotypes of mice (Fig. 5, B and C) . Consistently, the number of sneezes after intranasal immunization with OVA was lower in DKO mice than in WT mice (Fig. 5 D) . We further examined the effects of L-selectin blockade on allergic responses using mAb MEL-14. As shown in Fig. S2 , MEL-14 suppressed OVA-specific serum IgE production and sneezing to a degree almost comparable with that observed in DKO mice, indicating that blockade of the L-selectin-PNAd adhesion pathway suppresses allergic immune responses after intranasal immunization. In addition, immunofluorescence studies revealed that HA was expressed in NALT HEVs in WT and DKO mice after intranasal immunization with OVA ( Fig. S3) , which could partly mediate trafficking of T reg cells to NALT, as described in the previous section.
Cytokine production in NALT after intranasal immunization
To determine the molecular basis for the alleviation of allergic immune responses in DKO mice after intranasal immunization, with P-selectin (Snapp et al., 1997) , was 12× higher in CD4 + CD25 + T reg cells than in CD4 + CD25  T conv cells (Fig. 4 D) . The expression of PSGL-1 core protein was also slightly -14) , anti-PSGL-1 (4RA10), anti-P-selectin (RB40.34), and anti-CD44 (IM7), and rat IgG as a control. In some experiments, cells were treated with a mixture of MEL-14, 4RA10, and IM7 (mAb Mix). Each bar represents the mean ± SD. n = 4. *, P < 0.002; **, P < 0.01; ***, P < 0.03. N.S., not significant. Rat IgG-treated control was set as 100%. In A and B, data from four separate experiments were pooled. (C) FACS sorting and Foxp3 staining. FACS-sorted CD4 + CD25 + T reg cells (R2) and CD4 + CD25  T conv cells (R1) from WT mice were stained with PE-conjugated anti-mouse Foxp3 mAb (bold line) or PE-conjugated isotype control (thin line) using a T reg cell staining kit and analyzed by flow cytometry. Representative data from two independent experiments are shown. (D) Real-time quantitative PCR analysis. Total RNA from FACS-sorted CD4 + CD25  T conv cells and CD4 + CD25 + T reg cells was subjected to real-time PCR analysis for Foxp3, fucosyltransferase-VII (FucT-VII), and PSGL-1. Each bar represents the mean ± SD. n = 3. *, P < 0.005; **, P < 0.02. Representative data from three independent experiments are shown. (E) RT-PCR analysis of P-selectin expression in NALT HEVs. Total RNA was purified from CD4 + CD25  T conv cells (CD4 + CD25  ) and the mAb S2 + HEV cells from NALT (NALT-HEV). Single-stranded cDNA was prepared from the total RNA in the presence (+) or absence () of RT and was subjected to PCR using primers for P-selectin, GlcNAc6ST-2, and -actin. we next prepared total RNA from NALT after immunization and performed real-time quantitative PCR analysis (Fig. 6) . The induction of the humoral immunity-related Th2 cytokine IL-4, which is a major mediator of IgE class switching in B cells (Zhu and Paul, 2008) , was observed in WT mice, but not in DKO mice, after intranasal immunization with OVA. In contrast, more mRNA for the immune-suppressive cytokine IL-10 was detected in DKO mice than in WT mice after immunization, consistent with the higher amount of Foxp3 mRNA and the higher ratio of T reg cells recruited to NALT in DKO mice, as shown in the previous section. Only a slight increase in TGF- was observed in the NALT of DKO mice, suggesting that IL-10-producing, but not TGF--producing, T reg cells increased in the NALT of DKO mice. The amount of mRNA for the Th1-related cytokine IFN- and the Th17-related cytokine IL-17A in the NALT in DKO mice was not statistically different from that in WT mice (unpublished data).
DISCUSSION
In this study, we found that PNAd plays an essential role in lymphocyte recruitment to a mucosal lymphoid tissue, NALT, and in the allergic immune responses after intranasal immunization.
Previous studies from our laboratory and others indicated that PNAd plays an essential role in lymphocyte trafficking to PLNs but not to the PP mucosal lymphoid tissue (Kawashima et al., 2005; Uchimura et al., 2005) . We also found that PNAd is involved in the regulation of lymphocyte subpopulations and the cytokine environment, both of which are critical for balancing immune responses in NALT. Csencsits et al. (1999) showed that NALT HEVs of BALB/c mice were reactive with both MECA-79 and MECA-367 antibodies and that binding of lymphocytes to NALT HEVs was significantly inhibited by MEL-14, but not by MECA-367, in a StamperWoodruff ex vivo cell binding assay. Although the Real-time quantitative PCR analysis was performed using total RNA samples from NALT collected on day 15 from WT or DKO mice that had been immunized with OVA and CT in PBS (OVA) or with PBS alone (PBS) on days 0, 7, and 14. Each bar represents the mean ± SD. n = 3-7. *, P < 0.02; **, P < 0.05. N.S., not significant. Data from two separate experiments were pooled.
are T reg cells, suggesting that adhesion molecules other than L-selectin might mediate the homing of CD4 + CD25 + T reg cells to PLNs in these mutant mice. It was reported that plt mutant mice, which have mutations in CCL21 (produced by stromal cells and HEVs) and CCL19 (Luther et al., 2000; Nakano and Gunn, 2001) , showed aggravated allergic symptoms associated with a reduction in T reg cells expressing CCR7, the receptor for CCL21 (Yoshida et al., 1998) and CCL19 (Yoshida et al., 1997) , in NALT, showing the importance of the chemokines CCL21 and CCL19 for T reg cell homing to NALT (Takamura et al., 2007) . However, as far as we know, no previous reports have shown the importance of adhesion molecules for T reg cell homing to NALT in vivo. It has been well discussed that appropriate localization is indispensable for the appropriate function of T reg cells in vivo (Huehn and Hamann, 2005) . We believe that the results of the present study have clarified, at least in part, the address codes for T reg cell migration, and they should permit the function of T reg cells to be manipulated in the future, with relevance for host responses to tumors, transplant rejection, autoimmunity, and allergies (Sakaguchi, 2005) .
Flow cytometric analysis indicated that CD4 + CD25 + T reg cells expressing lower levels of L-selectin accumulate not only in NALT but also in the spleen of DKO mice (Fig. 3 C) , probably because CD4 + CD25 + T reg cells expressing lower levels of L-selectin are preferentially maintained in DKO mice. Considering a previous study that fibroblastic reticular cells in LNs provide survival signals through IL-7 to naive T cells (Link et al., 2007) , one possible explanation for why CD4 + CD25 + T reg cells expressing lower levels of L-selectin accumulate in DKO mice is that naive CD4 + CD25 + T reg cells that can migrate to secondary lymphoid organs in an L-selectin-independent manner might be better maintained in DKO mice. Alternatively, because some CD4 + CD25 + T reg cells sequentially migrate from inflamed tissues to draining LNs (Zhang et al., 2009 ) and some others are induced by a commensal bacterium of the intestinal microbiota (Round and Mazmanian, 2010; Atarashi et al., 2011) , the CD4 + CD25 + T reg cells activated in the inflamed mucosa or induced in the intestines expressing lower levels of L-selectin might accumulate in DKO mice.
Another notable observation in relation to the homing of CD4 + CD25 + T reg cells is that homing of these cells to NALT was less dependent on L-selectin compared with the homing to PLNs (Fig. 4, A and B) . In immunofluorescence studies, the MECA-79 staining intensities in NALT HEVs and PLN HEVs were indistinguishable under the staining conditions we used, suggesting that PNAd in these lymphoid organs is modified with a similar level of sulfated extended core 1 O-glycans. However, because the other core structures, such as core 2 O-glycans (Hiraoka et al., 2004) and N-glycans (Mitoma et al., 2007) , as well as fucosylation (Homeister et al., 2001 ) and sialylation (Rosen et al., 1985) of PNAd, are also important for L-selectin binding, one possible explanation is that some of these glycosylation events might be less efficient in NALT HEVs than in PLN HEVs.
Although L-selectin ligand activity was not completely abrogated in DKO mice, IgE production and the number of sneezes after intranasal immunization with OVA were lower latter finding is consistent with our in vivo results, the former is not consistent with our results showing that the NALT HEVs of C57BL/6 mice were exclusively reactive with MECA-79. To solve this discrepancy, we stained the NALT HEVs of BALB/c mice with MECA-367 and detected reactivity in some HEVs with this antibody (Fig. S4) . This result suggests that the strain difference accounts for the differential expression pattern of MECA-367 antigens. It is of note that all of the NALT HEVs in BALB/c mice expressed MECA-79 antigen, whereas 63% of them coexpressed MECA-367 antigen (Csencsits et al., 1999) , suggesting that even though MECA-367 antigen is expressed in NALT HEVs in BALB/c mice, PNAd should play a major role in lymphocyte recruitment to NALT in these mice.
L-selectin-IgM staining and a blocking experiment with MEL-14 antibody indicated that a faint but detectable amount of L-selectin ligands remain in NALT HEVs in DKO mice (Fig. 2) . It seems likely that unsulfated sialyl Lewis X structures support the residual L-selectin-dependent lymphocyte homing to NALT in DKO mice because this carbohydrate structure binds to L-selectin in vitro (Foxall et al., 1992) . In support of this notion, the staining of NALT sections from WT and DKO mice with the recently generated antisulfated glycan mAbs S1 and S2, which specifically recognize GlcNAc-6-O-sulfated carbohydrate structures (Hirakawa et al., 2010) , indicated that GlcNAc-6-O-sulfation was completely eliminated from the NALT HEVs of DKO mice (Fig. S5) . In addition, a carbohydrate structural analysis of PLN HEV-derived glycoproteins performed in our previous study indicated that 6-sulfo sialyl Lewis X structures were almost completely abrogated, whereas unsulfated sialyl Lewis X structures were significantly enhanced in DKO mice (Kawashima et al., 2005) .
Unlike GlcNAc6ST-2, GlcNAc6ST-1 is widely expressed in various tissues (Uchimura et al., 1998) . Thus, one may argue that the lack of GlcNAc6ST-1 in immune cells in DKO mice might have some functional immunological relevance. However, although GlcNAc6ST-1 is relatively strongly expressed in various organs such as the brain, eyes, lung, and pancreas, it is not expressed in bone marrow and is only very weakly expressed in the thymus and spleen (Uchimura et al., 1998) , suggesting that immune cells do not express GlcNAc6ST-1. In addition, our previous results indicated that immune responses were unaffected in GlcNAc6ST-1 single KO mice (Kawashima et al., 2005) . Thus, we think that it is unlikely that the lack of GlcNAc6ST-1 in immune cells in DKO mice has any functional relevance regarding immune responses in NALT, although we cannot completely rule out this possibility.
Importantly, the homing of CD4 + CD25 + T reg cells to NALT was less dependent on the L-selectin-PNAd interaction than that of CD4 + CD25  T conv cells (Fig. 4) . Furthermore, we found that the homing of CD4 + CD25 + T reg cells to NALT was also dependent on PSGL-1 and CD44. It was reported that CD4 + CD25 + T reg cell migration to PLNs requires L-selectin (Venturi et al., 2007) . The same paper also reported that 40% of the CD4 + T cells in the PLNs of L-selectin-deficient mice suspensions of recipient lymphoid organs were stained with allophycocyanin (APC)-conjugated anti-mouse CD25 (PC61.5; eBioscience) and APC-cyanine-7 (Cy7)-conjugated anti-mouse CD4 (GK1.5; BioLegend) to differentiate homing of CD4 + CD25  T conv cells and CD4 + CD25 + T reg cells. To determine the effects of various mAbs on T reg and T conv cell homing, CD4 + CD25 + T reg cells and CD4 + CD25  T conv cells were purified from PLNs, MLNs, and spleens of WT mice using a CD4 + CD25 + T reg cell isolation kit (>95% purity; Miltenyi Biotec), labeled with 0.75 µM CMTMR (5-(and-6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine; Lonza) and 0.05 µM CFSE, respectively, and treated with 33 µg/ml (10 µg/mouse) of control rat IgG or anti-PSGL-1 (4RA10; BD), anti-P-selectin (RB40.34; BD), anti-CD44 (IM7; BioLegend), or anti-L-selectin mAb (MEL-14) for 10 min. In some experiments, cells were incubated with a mixture of 33 µg/ml (10 µg each mAb/mouse) MEL-14, 4RA10, and IM7 for 10 min. Equal numbers of CMTMR-and CFSE-labeled T cells were then mixed, and 300 µl of the lymphocyte suspension was injected intravenously (1.5 × 10 6 lymphocytes/mouse) into WT mice. After 2 h, lymphocyte suspensions of recipient lymphoid organs were analyzed by flow cytometry as described earlier in this section.
Flow cytometric analysis. Single-cell suspensions were prepared from NALT, PLNs, and spleens. The cell suspension was passed through a nylon mesh and incubated with various combinations of mAbs as follows: (1) APCconjugated anti-mouse CD3 (2C11; eBioscience), R-PE-conjugated antimouse CD19 (1D3; BD), APC-Cy7-conjugated anti-mouse CD4 (GK1.5; BioLegend), PE-Cy7-conjugated anti-mouse CD8 (53-6.7; BioLegend), and FITC-conjugated anti-mouse CD25 (7D4; Beckman Coulter) for differential staining of T and B cell subpopulations; (2) PE-conjugated antimouse CD4 (GK1.5; Beckman Coulter), FITC-conjugated anti-mouse CD25, and APC-conjugated anti-mouse CD62L (MEL-14; Beckman Coulter) for staining of L-selectin; and (3) biotin-conjugated anti-mouse CD3 (2C11; BD), PE-conjugated anti-mouse CD4, APC-conjugated anti-mouse CD25 (PC61.5; eBioscience), and FITC-conjugated anti-mouse/human CD44 (IM7; BioLegend), followed by streptavidin-conjugated PerCP-Cy5.5 (BioLegend) for CD44 staining. For intracellular Foxp3 staining, cells were stained with a mouse T reg cell staining kit (eBioscience) containing FITCconjugated anti-mouse CD4 (RM4-5), APC-conjugated anti-mouse CD25 (PC61.5), and PE-conjugated anti-mouse/rat Foxp3 (FJK-16s) according to the manufacturer's instructions. The cells were analyzed by flow cytometry on a FACSCanto II (BD). The data were acquired and analyzed with FACS Diva software (BD) and FlowJo software (Tree Star, Inc.).
Purification of T reg cells by FACS sorting.
Lymphocytes from WT PLNs were stained with FITC-conjugated anti-mouse CD4 (RM4-5; eBioscience) and APC-conjugated anti-mouse CD25 (PC61.5; eBioscience) in PBS containing 0.1% BSA. After 30 min of incubation at 4°C, cells were washed, resuspended in PBS containing 2% FBS, and filtered through a cell strainer with a pore size of 40 µm (BD). CD4 + CD25 + T reg and CD4 + CD25  T conv cells were sorted by a FACSAria II (BD), immersed in RNALater solution (Ambion), and stored at 80°C until use for real-time quantitative PCR. A portion of the sorted cells were stained with PE-conjugated anti-mouse/rat Foxp3 (FJK-16s; eBioscience) and analyzed on a FACSCanto II as described in the previous section.
Real-time quantitative PCR. Total RNA was extracted from the whole NALT, CD4 + CD25 + T reg cells, and CD4 + CD25  T conv cells using the RNAspin Mini (GE Healthcare). cDNA was synthesized using PrimeScript RT-PCR kit (Takara Bio Inc.) and subjected to real-time quantitative PCR using SYBR Premix Ex Taq II (Takara Bio Inc.). The expression of each mRNA was normalized to the expression of -actin with the Ct method according to the manufacturer's instructions (Thermal Cycler Dice TP870; Takara Bio Inc.). The primer sets used were as follows: -actin, 5-CATCCGTAAAGACCTCTATGCCAAC-3 and 5-ATGGAGCCAC-CGATCCACA-3; IL-4, 5-TCTCGAATGTACCAGGAGCCATATC-3 and 5-AGCACCTTGGAAGCCCTACAGA-3; IL-10, 5-ACCTGG-TAGAAGTGATGCCCCAGGCA-3 and 5-CTATGCAGTTGATGAA-GATGTCAAA-3; TGF-, 5-GCAACATGTGGAACTCTACCAGAA-3 in DKO mice (Fig. 5) . These results suggest that complete blockade of the PNAd-mediated adhesion pathway, which is too difficult to attain in clinical settings, seems not to be required to suppress allergic symptoms. Our data collectively support the model that T reg cells accumulate in NALT in DKO mice because of their decreased dependency on the L-selectin-PNAd adhesion pathway and their greater dependency on PSGL-1-P-selectin and CD44-HA adhesion pathways, and they thereby create an immune-suppressive environment in the NALT (Fig. S6) . Consistent with this model, we detected higher levels of the immunosuppressive cytokine IL-10 (Fig. 6) , which is known to be secreted from T reg cells, in DKO mice compared with WT mice, suggesting that IL-10 production explains, at least in part, why allergic immune responses are reduced in DKO mice. Collectively, our results indicate that blocking PNAd-mediated lymphocyte recruitment could serve as a novel therapeutic approach for modulating allergic rhinitis.
MATERIALS AND METHODS
Mice.
GlcNAc6ST-2 KO and GlcNAc6ST-1 and GlcNAc6ST-2 DKO mice were backcrossed at least five generations to C57BL/6 mice and maintained as described previously (Kawashima et al., 2005) . Genomic DNA was isolated from mouse tails and used for PCR genotyping. C57BL/6 mice were used as WT controls throughout the study. BALB/c mice were purchased from Japan SLC. Mice were treated in accordance with the guidelines of the Animal Research Committee of the University of Shizuoka.
Immunohistochemistry. 7-µm-thick frozen sections were fixed with icecold acetone and incubated with PBS containing 3% BSA (Sigma-Aldrich). The sections were incubated with 10 µg/ml MECA-79 or MECA-367 (BD) primary antibody, followed by 10 µg/ml biotinylated secondary antibody (mouse anti-rat IgM [BD] or goat anti-rat IgG F(ab) 2 fragment [Rockland Immunochemical]). In some experiments, sections were incubated with L-selectin-IgM (Hiraoka et al., 2004) , 10 µg/ml goat anti-mouse CCL21 (R&D Systems), or 10 µg/ml goat anti-mouse CXCL12 (Santa Cruz Biotechnology, Inc.), followed by 2 µg/ml Alexa Fluor 594-labeled goat antihuman IgM (Invitrogen) or 3 µg/ml biotinylated rabbit anti-goat IgG (Vector Laboratories). Binding of biotinylated secondary antibodies was detected with 2.5 or 5 µg/ml Texas red avidin D (Vector Laboratories) or 1 µg/ml Alexa Fluor 594-conjugated streptavidin (Invitrogen). To detect HA expression on HEVs, frozen sections were stained with 2.5 µg/ml DyLight 488-conjugated MECA-79 and 5 µg/ml of biotinylated HA-binding protein (Seikagaku Kogyo Co., Ltd), followed by 0.5 µg/ml Alexa Fluor 594-conjugated streptavidin. After incubation, sections were mounted with GEL/MOUNT (Biomeda Corp.). In all experiments, isotype-matched antibodies were used as negative controls. Data were acquired on a confocal laser-scanning microscope (LSM510 META; Carl Zeiss) using a 40× water immersion objective.
Lymphocyte homing assay. Lymphocyte homing was assayed as described previously (Hiraoka et al., 2004; Kawashima et al., 2005) with some modifications. In brief, lymphocytes prepared from the spleens and mesenteric LNs (MLNs) of WT mice were labeled with 1 µM CFSE (Invitrogen) and injected intravenously into WT or mutant mice (2.7 × 10 7 lymphocytes/mouse). 1 h after injection, the fraction of CFSE + cells in a cell suspension of recipient lymphoid organs was determined by flow cytometry on a FACSCanto II (BD). All data were analyzed with FACS Diva software (BD) and FlowJo software (Tree Star, Inc). For the L-selectin inhibition experiment, CFSE-labeled cells were preincubated for 15 min with 100 µg/ml control rat IgG (Sigma-Aldrich) or MEL-14 (Beckman Coulter), and the mixture of cells and antibodies (300 µl/ mouse) was injected intravenously into mice. For T reg cell homing assays, CFSE-labeled PLN and MLN lymphocytes were injected intravenously (2.5 × 10 7 lymphocytes/mouse) into WT and DKO mice. After 2 h, lymphocyte symptoms. Fig. S3 shows expression of HA in NALT HEVs in WT and DKO mice. Fig. S4 shows expression of MECA-367 antigens in NALT HEVs in BALB/c mice. Fig. S5 shows that GlcNAc-6-O-sulfated glycans were eliminated from the NALT and PLN HEVs of DKO mice. Fig. S6 shows a proposed model for the molecular mechanisms of T reg and T conv cell homing to NALT and the reduction of allergic responses in DKO mice. Online supplemental material is available at http://www.jem.org/cgi/content/full/jem.20101786/DC1.
Purification of HEV cells from NALT and RT-PCR.
Freshly isolated NALT from 10 WT mice was minced with glass slides and suspended in ice-cold DME containing 10% FBS, 10 mM HEPES, 1 mg/ml collagenase A (Roche), 0.5 mg/ml dispase (Invitrogen), and 20 U/ml DNase I (Roche). The cell suspension was incubated for 60 min at 37°C with gentle shaking. After centrifugation, cells were resuspended in PBS containing 0.02% trypsin (Invitrogen) and 1 mM EDTA and incubated for 5 min at 37°C. DME containing 10% FBS and 10 mM HEPES was added to terminate the enzymatic digestion, and the cell suspension was passed through a 70-µm cell strainer (BD). The cells were incubated with 5 µg/ml biotin-conjugated mAb S2 (Hirakawa et al., 2010) for 10 min, washed with PBS containing 0.2% BSA, and incubated for 10 min with streptavidin-microbeads (1:10 dilution; Miltenyi Biotec). After washing, the cells were purified using the MS column in the Mini MACS according to the manufacturer's protocol (Miltenyi Biotec). The total RNA was purified from the mAb S2 + cells (NALT HEV cells) and CD4 + CD25  T conv cells, and used for RT-PCR. The primers used were: GlcNAc6ST-2, 5-TCCATACTAACGC-CAGGAACG-3 and 5-TGGTGACTAAGGCTGGAACC-3; P-selectin, 5-GCTTCAGGACAATGGACAGC-3 and 5-CTTTCTTAGCAGAGC-CAGGAGTG-3; and -actin, 5-TGGAATCCTGTGGCATCCATGA-AAC-3 and 5-TAAAACGCAGCTCAGTAACAGTCCG-3. The PCR cycle (94°C, 30 s; 62°C 30 s; 72°C 30 s) was repeated 42 times for GlcNAc6ST-2. The PCR cycle (94°C, 30 s; 65°C 30 s; 72°C 30 s) was repeated 42 times for P-selectin and 38 times for -actin.
Intranasal immunization. WT and DKO mice were lightly anesthetized with sodium pentobarbital (Nembutal; Abbott) and immunized intranasally (in the left nostril) on days 0, 7, and 14 with 100 µg of OVA (Sigma-Aldrich) in PBS together with 1 µg cholera toxin (CT; EMD or List Biological Laboratories Inc.; used as a mucosal adjuvant) in a total volume of 12.5 µl per mouse. Control mice were given PBS in the same volume on days 0, 7, and 14. On day 21, serum and nasal wash (obtained by washing the nasal cavities with 10 µl PBS/nostril) were collected from each mouse and stored at 80°C until use for measurement of OVA-specific Abs. To assess nasal symptoms after intranasal immunization, mice were immunized on days 0, 7, 14, and 21 as described. 2 min after intranasal immunization on day 21, the number of sneezes in 5 min was counted. In separate experiments, mice were immunized on days 0, 7, and 14 as described, and the left NALT was collected on day 15, immersed in RNALater Solution, and stored at 80°C until use for real-time quantitative PCR.
Measurement of OVA-specific Abs. To detect OVA-specific IgE, the wells of a 96-well ELISA plate were first coated with 2 µg/ml anti-mouse IgE (BioLegend). After blocking, serially diluted serum was added to the well and incubated for 1 h. After washing, 2 µg/ml biotinylated OVA labeled with EZ-Link Sulfo-NHS-LC biotin (Thermo Fisher Scientific) was added and incubated for 1 h. After washing, 5 µg/ml peroxidase-conjugated streptavidin (Vector Laboratories) was added and incubated for 1 h. To detect OVA-specific IgG and IgA, the wells were first coated with unlabeled OVA. After blocking, serially diluted serum and nasal wash for the detection of IgG and IgA, respectively, were added to the wells and incubated for 1 h. After washing, peroxidase-conjugated goat anti-mouse IgG (1:3,000 dilution; Invitrogen) or anti-mouse IgA (1:1,000 dilution; Invitrogen) was added to the wells and incubated for 1 h. Finally, the HRP substrate 2,2-azido-bis (3-ethylbenzothazoline-6-sulfonic acid) diammonium salt (ABTS; Wako Chemicals USA) was added, and the optical density at 405 nm was measured using a 96-well spectrometer (Spectra Rainbow Thermo; TECAN).
Statistical analysis.
A student's t test was used for statistical analysis.
Online supplemental material. Fig. S1 shows expression of CCL21 and CXCL12 in NALT and PLNs in WT and DKO mice. Fig. S2 shows that anti-L-selectin mAb reduced OVA-specific IgE production and attenuated nasal
